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ABSTRACT / 6, é ;Z‘O

A statistical analysis has been made on solar radio outbursts
associated with large solar proton events. Specific criteria have
been established demonstrating that solar radio outbursts are indica-
tive of these large solar cosmic ray increases. In addition, investi-
gations have been made into false alarms, various time relationships,
mixed-frequency combinations, and possible determinations of the
size of a solar proton event.

From these studies it has been found that there is a good cor-
relation between specific Signal characteristics of solar RF emission
outbursts and large solar proton events. On decimeter wavelengths,
these signal characteristics can be detected prior to the start of the
PCA event. It has also been found that the false alarms can be con-
siderably reduced if characteristics are specified on a combination of
fixed frequencies rather than on only one frequency. In addition, there
is an indication of a relationship between the area under the associated
RF signal and the size of a solar proton event. Both Gold's and Parker's
model of the interplanetary fields offer an explanation for some of the
basic findings of this analysis.

The results of this analysis can serve as the basic criteria for
an electronic system that may provide a warning for large solar proton

events. Such a warning system would reduce the corpuscular radiation

hazard to future space flights. //) f
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INTRODUCTION

In recent years, our knowledge of solar activity has been greatly

increased due to the development of radio astronomy. The sun has been

’

successfully monitored at radio wavelengths since 1955. At present,
the sun is being continuously watched twenty-four hours a day over a
wide band of frequencies. .Large outbursts of solar RF emission are
detected périodically. These solar radio outbursts are only one of the
many events associated with solar flares.

The ability of the sun to produce large bursts of energetic par-
ticles has been studied in detail since 1956. These solar particle
increases, which occur in conjunction with large optical flares, are
due to violent ejections from the sun at irregular intervals. Inasmuch
as solar cosmic ray increases are composed primarily of protons,
these phenomena are referred to as solar proton events. Large solar
proton events are defined as having integrated omnidirectional flux
greater than or equal to 107 protons/ cm2 at energies greater than 30
Mev.

Large outbursts of radio wave emission from the sun are uni-
versally recognized by several noted workers in the fieldl_11 to be
associated with proton events. International Geophysical Year (IGY)
studies have shown that there is a close connection between spectral
type-1IV bursts, originating in the solar atmosphere, and solar cosmic
ray increases at the earth.

The purpose of this report is:.

A. To present a new approach to the study of the

relation between solar radio emission and large
solar proton events.

B. To present the results of this study and show how

it adds new information to the relation between

these solar phenomena, and




C. To show the practical significance of the results.

Initially, in this study, associated solar RF emission out-

bursts on fixed-frequency records have been carefully selected for
each large proton event that has been measured at the earth from 1956
to the present. These RF outbursts have been studied for character-
istics which might be related to solar proton events. Specific criteria
have been established demonstrating that solar radio outbursts are
indicative of these 1é.rge solar cosmic ray increases. These criteria
are concerned with the characteristics of both type II and type IV solar
radio emission.

After criteria were established for solar radio emission to be
indicative of large solar proton events, additional studies have been -
made. These studies include the investigation of false alarms, various
time relationships, mixed frequency combinations, and possible proton
event size determinations. A false alarm is defined as a case when a
characteristic solar radio emission signal is received, but no large as-

sociated solar cosmic ray increase is observed at the earth. Various

‘time studies have been made to determine whether or not pertinent

characteristics of the solar RF emission outbursts actually precede
the start of the proton increase at the earth. The characteristics of

mixed fixed-frequency combinations have been investigated for more
reliable indications of large solar proton events. Finally, studies have
been made into possible proton event size (integrated omnidirectional
flux) determinations by using the associated RF emission outbursts.
There is a good correlation between specific signal character-
istics of solar RF emission outbursts and large solar cosmic ray
increases. On decimeter wavelengths, these signal characteristics
can be detected prior to arrival of energetic protons from the sun.
The false alarms can be considerably reduced by specifying character-

istics on a combination of fixed frequencies rather than on only one




frequency. There is an indication of a relationship when specific
characteristics of outstanding solar RF bursts are compared with
proton event size. Both Gold's and Parker's model of the inter-
planetary space offer an explanation for some of the basic findings
of the analysis.

Large solar cosmic ray increases are a danger to manned
space flight., If an intense event is encountered in space, it could
cause component breakdown, incapacitation and/or death to space
travelers, thus resulting in complete mission failure. The proion
event hazard can be considerably reduced if a warning is provided
prior to the arrival of energetic particles from the sun. The re-
sults presented in this report can serve as the basic criteria for

an electronic system that may provide such a warning.
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PROCEDURE

Ample data has been obtained to make this étudy of the re-
latioﬁship between solar radio emission and large solar cosmic ray
i’ncréaées. A reference period from 1956-1961 has been used for
this study. This period coincides with the maximum phase of -
solar cycle 19, .p-. ‘

The basic source of solar RF emission data has been the
International Astronomical Union (LAU) Quarterly Bulletins of Solar
Acﬁvity from 1956 to 1961. The IAU Bulletins are 'published by the

Eidgen Sternwarte in Zurich, Switzerland, with financial support

“from UNESCO. The data published in the IAU Quarterlies are com-

piled from data submitted by radio observatory locations all over the
world. For a list of these observing stations, as of December, 1961,
see Table 1. Other sources of RF data have been the Central Radio -
Propagation Laboratories (CRPL) F-series monthly compilations of
solar-geophysical data and reproductions of original records from
world-wide sources.

A list of large solar proton events and related phenomena
(Table 2) has been compiled from data tabulated by several noted
investigators and published in the Goddard Proton Manual.g The
Goddard data have beenchecked with other sources of datal’ 12-16
on solar phenomena, and appeafs to be the most consistent and
comprehensive comi)ilation. .

In the analysis, possible errors in the data have been taken
into consideration. A maximum of a 10% error on the RF emission
flux density readiﬁgs has been taken into ‘aécount. 17,18 All time
recordings are believed to be correct to plus or minus one minu’ge.
The proton event sizes are taken to be correct to a factor of two.

A large solar proton event is defined as having an event size

2 .
greater than or equal to 107 protons/cm  at energies greater than

I
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30 Mev. The expr‘ession, event size, is used for the integrated omni-
directional particle flux. 8 Thus, a large solar proton event refers to
a proton event where the total omnidirectional flux of the particles
measured at the earth is greater than 107 particles/cmz when only
those particles of energy greater than 30 Mev are counted.

Associated solar RF emission outbursts have been carefully
selected for each large solar proton event. Solar flare data and type
1V radio outburst information have been used to aid in the selection
of associated solar RF bursts up to 24 hours prior to the start time
of the Polar Cap Absorption (PCA) events. (A PCA event is the
absorption of galactic radio noise by the ionospheric D-layer over
the polar caps. This absorption is produced by an increase in par-
ticles from the sun.) The PCA events, solar flare data, and type IV
radio outbursts may be found in Table 2. A table has been constructed
to show pertinent information related to large solar proton events and
their associated RF emission. This table of solar radio emission
Voutbursts, associated with large proton events, may be found in
Appendix, 1.

Records of fixed frequency solar RF bursts from world-wide
sources have been reduced and standardized. These solar RF bursts
have been studied for signal characteristics indicative of proton events.
After studying these records, it becomes evident that each of the RF
signals associated with large proton events have several general char-

acteristics in common. (See Figure 1 for an example of a solar radio

"emission outburst associated with a large proton event.) In particular,

the characteristics of signal duration and maximum flux density are
related to large proton events. The actual numerical value for the
magnitude of these characteristics are different for each frequency.
(See Figure 2 for an example of a typical large solar proton event and

radio emission relationship. )

In this analysis some specific terms have been defined and are



expressed in their abbreviated form, P(N/A) and P(A/N). P(A/N) is
thé probability of an alarm being given, provided a proton event of
size greater than or equal to a specific event size, N, has occurred.
P(N/A) is. the probability of a proton event of size equal to or greater
than a particuiar event size occurring, provided an alarm has been

given. These conditional probabilities are defined mathematically as

follows: :
ZA,
P(A/N) = —
e Lﬂi + ari
Z(FA)i Z)Ai
P(N/A) =1 = S(FA), + A Z(FA) +ZA

where, Z)(FA)i

Z[FA(NPE)]i + Z[FA(P.E. < N)]i

Ai (an alarm) is a case where the signal, received at a solar radio
observatory at a particular frequency, is associated with a prescribed
proton event and meets the signal characteristics specified. Fi (an RF
failure) is a case where a signal associated with a prescribed proton
event does not meet the specified signal characteristics. (FA)i (a
false alarm) is a case where a characteristic signal is received and

no proton event (NPE), or a proton event of size less than a specified
event size (P.E. < N), is observed.

If a particular case is taken, the P(A/N) basically establishes
the following proposition: if alarge pI;OtOH event occurs, then certain
characteristics will be met on the RF signal. The P(N/A) establishes
the converse proposition to the P(A/N), namely: if certain characteristics
are met on the RF signal, then a large prpton event will occur.

Two basic approaches have been méde in this analysis, a re-
strictive approach and a non-restrictive approach. In essence, the
restrictive approach is overly pessimistic, whereas the non-restrictive

approach tends to be optimistic.



In the resfrictive approach, the RF failures include cases where
a station was in a geographibal position to have observed certain RF
emissions for a specific solar proton event, but did not repcl)rt‘ any
signal characteristics in the IAU Quarterly Bulletins. Since an ob-
serving station did not report any signal characteristics, it has been
assumed that >the station was in operation at the time of the RF burst
but did not receive any signal that met the signal characteristic require-
ments. The assumption that the observing station did receive a signal
but that it did not meet the signal characieristiics requiremeni may not
be valid. Examination of original records of solar radio observatories
that have been acquired, shows RF bursts for certain proton flares in
which signal characteristics were acfually met but the RF data simply
was not published in the IAU Quarterly. The assumption that the sta-
tion was actually in operation because it was in a geographical position
to have observed the solar RF emissions may be invalid also. The sta-
tion may have been inoperative for many reasons, such as equipment
failure, power failure, etc.

In the non-restrictive approach the proton events included for
the analysis were only those that had associated solar RF bursts re-
ported in the IAU Quarterly Bulletins. The results of the non-restrictivé
analysis are generally higher than the results of the restrictive analysis"
with respect to the P(A/N). ,

A statistical analysis has been made on the abstracted IAU data
(previously mentioned and found in the appendix) for the determination
of optimum frequencies and resultant signal characteristics indicative
of large proton events., The optimum frequencies are those with the
highest P(A/N) and P(N/A). The initial signal characteristics studied
have been signal duration (in minutes) and signal maximum flux density
(in 10—22 watts M—2 (C/S)_l).

To determine the optimum frequencies, frequency ranges have

been initially selected. Set characteristics have been specified and the



P(A/N) has been determined with respect to these characteristics.

This has béen._done for each of the fredquency ranges. (For a list of

" the frequencies that have been included in each frequency range see

the bottom of Table 3.) A 100% P(A/N) refers to a situation in which
all RF _observations, associated with large p_rofon events, made with
freqqfencies in a particular frequency range met the signal character-
istic requirements of duration and maximum flux density. For ex-
ample, .the observatories that~are capable (restrictive analysis) of

) _— oy
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receiving signalis nc/ s, have
ciated bursts which all meet the set signal characteristics (maximum
flux density greater than 250 units and signal auration greater than 10
minutes) when the proton event size has been equal to or greater than

107 protons/cmz; at energy greater than 30 Mev.

From the frequency ranges, more reliable [in terms of avail-
able data, station handling, and P(A/N)] specific frequencies have been
chosen. The analysis then has been continued with respect to these in-
dividual frequencies, For each of the individual frequencies the P(A/N),
as well as the P(N/A), has been computed with respect to set signal
é‘haracteristics. For the computation of the P(N/A), the false alarms
have also been ta‘ken from the IAU Quarterly Bulletins. If a particular
projected case is taken, a 25% P(N/A) refers to a situation in which a
signal, meeting the characteristic requirements for a large proton event,
is received by a éolar radio observatofy. However, the probability of
a large proton event' actually accoinpanying this signal is 25%.

From these stullies of individual frequencies, it became obvious
that for particular frequencies there is a 100% P(A/N). However, the
P(N/A) remains at a .r-ather low level. Since the P(N/A) varies inversely
as the false alarms, these phenomena have been studied in an effort to
increase the P(N/A) while maintaining a 100% P(_A/N). To optimize this
situation, additional criteria have been specified on the RF signal char-

acteristics. It has been found that if an increased duration is considered
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and the restrictions on maximum flux density are varied for each indi-

vidual fréquency, according to the related proton event size, then the

P(N/'A) can be increased while the P(A/N) remains at a maximum.
From these studies of maximizing the P(A/N) and P(N/ A),

the optimum frequencies have been determined. For these optimum

frequencies there is a 100% probability of specific RF signal char-

acteristics being met, provided a large proton event of size greater

than or equal to a specific event size occurred. Various time studies

have been undertaken to determine whether or not these pertinent R¥F

signél characteristics actually precede the start of the PCA event,

These time studies have been made between certain character-
istical phases of the associated RF signal and the start of the PCA
event as measured at the surface of the earth. Included in this study
have been signal duration (SD), rise time to signal maximum flux
density (SR'}‘), decay time from signal maximum flux density (SDT),
linear rate of rise to maximum flux density (SLRR), delay time between
the maximum of the RF signal and start of the PCA event (DMRP), and
delay time between the start of the RF signal and start of the PCA
event (DSRP). These are defined as follows:

SD = termination time of RF signal - start time of
RF signal.
SRT = time of max. of RF signal - start time of RF
signal.
SDT = SD - SRT
_ max. flux density
DMRP = start time of PCA - time of max. of RF signal.
DSRP = start time of PCA - start time of RF signal.

These time studies have been made on the reliable frequencies,
first determined from the frequency range analysis. In these studies,
the minimum, maximum, mean, and standard deviation of the time

characteristics mentioned have been determined for each frequency.
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A further effort has been made to increase the P(N/A) while
maintaining a 100% P(A/N). This has been achieved by considering
the characteristics of mixed<frequency combinations. Different spe-
cific signal characteristics, indicative of large proton events, have
been established for each of the three optimum frequencies considered.
If these criteria are met on all three frequencies, an associated solar
RF burst has been designated an alarm. If no proton event, or a
proton event of size less than a specified event size is observed to
follow this alafm, then the alafm is a false one. The respeciive
signal durations have been chosen so as to insure sufficient time
before the start of the PCA event.

Studies have been made into possible proton event size deter-
minations by using the associated solar RF bursts. In this study,
coefficients of rank correlation have been calculated for the relation
between proton event size and various characteristics of the associated
solar RF signal. The following formula has been used to calculate the

. . . 1
respective coefficients-of-rank correlation: 9

65D?

r = 1-
N(N? - 1)

where D

N

difference between ranks of corresponding values

]

number of pairs of values

The characteristics of the RF signal that have been considered are:
those mentioned in the time studies, maximum flux density, and
integrated flux density with respect to time. These studies have been
made on the optimum frequencies.

The reduced and standardized fixed freﬁuency solar RF bursts
have been used for the investigation of the relationship between proton
event size and the integrated RF signal flux density with respect to
time. In this study the relative areas under the associated solar RF
signals have been considered for 10, 20, 30, 40, 50, and 60 minutes

after the arrival of the radio outbursts.



STATIONS RECETVING SOLAR RADIO EMISSICN

TABLE 1
Normal Ubserving
Freq. Period Dec, 1961
Mc/s Station (Hours U.T.)
9500 Tokyo Astronomical Observatory, Mitaka, Tokyo 00-07
0400 Research Inst. of Atwmos. Nagoya Univ., Toyokawa, Japan 23-06
p400 Hieinrich llertz Inst., Berlin-Adlershof 08-14
0100 Netherlands PTT (bser. Station Nera 08-15
3750 Research Inst. of Atmos. Nagoya Univ., Toyokawa, Japan 23-06
2000 Tekys Astronomicel Obsavvatory, Mitske Takve 00-06
5000 Heinrich Hertz Inst, Berlin-Adlershof 08-14
2980 Netherlands PTT Obser. Station Nera 08-15
2800 National Research Council, Cttawa, Canada 12-21
2000 Research Inst. of Atmos. Nagoya Univ., Toyokawa, .Japan 23-06
1500 Heinrich Hertz Inst,, Berlin-Adlershof 08-14
1000 Research Inst. of Atmos, MNagoya Univ., Toyokawa, .Japan 23-06
808 Astro. Inst, of the (Czechoslovak Academy of Sciences, 08-14
Ondrejov near Prague
600 Obser. Poyal de Belgique, lccle, Belgium 08-16
545 Netherlands PTT Nbser. Station Nera 08-15
545 Surinanm Department of Public Yorks § Traffic § Netherlands PTT 11-21
Obser. Station Paramaribo
545 Netherlands PTT Cbser, Station Ilollandia 21-08
545 Research Inst. of Terrestrial Mapnetism, lonosphere & Radio 07-12
Propagation, Krasnaia, Pahra, Moscow,
234 Astroph, Obser. Potsdam, Tremsdorf, Germany 09-14
208 Crimean Astroph. Cbser. Crimea, USSR 09-.12
208 Ussurijak Radio-Astron. Obser., USSR 21-01
208 Research Inst. of Terrestrial Magnetism Ionosphere & Padio 07-12
Propagation, Krasnaia, Pahra, Moscow
200 lliraiso Radio Wave Cbser., .Japan 23-08
200 Tokyo Astronomical Cbservatory, Mitaka, .Japan 00-06
200 Netherlands PTT Obser. Station Nera 08-15
200 Surinam Department of Public Works § Traffic & Netheriands PTT 11-21
Obser. Station Paramaribo
200 Netherlands PTT Obser, Station Hollandia 21-08
178 Kislovodsk Radio-Astronamical Obser., USSR 07-12
169 Obser. de Paris, Meudon, Nancay Station 11-13
127 Astronomical Cbser. of the New Copernicus Univ., Poland 09-15
111 Astroph. Obser. Potsdam, Tremsdorf, Germany 09-14
108 National Bureau of Standards, Central Radio Propagation Lab. 14.23
Boulder, USA
100 Tokyo Astronomical Cbservatory, Mitaka, Tokyo 00-06
23 Astroph, Cbser, Potsdam, Tremsdorf, Germany 09-14
18 National Bureau of Standards, Central Radio Propagation Lab. 14-23
Roulder, USA :

11



LARGE SOLAR PROTON FVEMTS AND RELATED PHENCMENA

TARLE 2
Solar Tlare Start iime of Proton LA Tvent
Time of !ax. Type-1V Radio Event Size Start Time
Date (UG.T.) Outburst (U,T.) (F > 30 ‘ev) Date - {U.T)
D.23-56 0342 0330 1.6 x 102 2-23-56 0430
83156 1241 1231 3 x 107 8-31-56 1500
1-20-57 1120 1255 3 x 108 1-20<57 1500
7 _3.57 0740 0832 107 7-3-57 0845
53137 1312 1302 107 8.31.57 1520
10-20:57 1642 1636 107 10-21-57 0630
3-23-58 1005 1003 4 x 108 3-23.58 1830
7_7-58 0033 0026 5 x 108 7-7-58 0130
51638 0440 0448 2 x 197 8-16-58 0600
522258 1448 1430 s x 107 8-22-58 1530
5-26-58 0027 0023 5.3 x 107 8-26-58 0100
5.10-59 2140 2100 1.2 x 109 5-10-59 2300
7-10-59 0240 0223 g x 108 7-10-59 0400
F-14-59 0349 0330 2 x 109 7-14-59 0700
7-16-59 2132 2118 3 x 10° 7-17-59 0200
- 25-60 0137 0145 2.5 x m; 4.28-60 0200
9-3-60 0037 0035 4 x 10 9-3-60 0800
11-12-60 1330 1327 2.7 x 10° 11-12-60 1445
11-15-60 0221 0221 2 x 109 11-15-60 0505
112060 2020 2023 6 x 107 11-21-60 0500
. 12-6} 1025 1025 107 7-13-61 0700
18261 1000 0940 2.5 x 108 7-18-61 1135
h.25-(1 2223 2212 107 9.28-61 2335

12
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RESULTS

The P(A/N) for various frequency ranges may be found in
Tables 3 and 4. The P(A/N) has been calculated with respect to the
proton event size and the signal characterisﬁcs specified in the tables.
Table 3 is for the restrictive approach while Table 4 is for the non-
restrictive approach. For a graphical comparison between the fre-
quency ranges with respect to the P(A/N) see Figure 3.

The results obtained from studying the‘reliab_le individuai
frequencies are shown Ain Tables 5—8. These results are presehted
in a similar manner as those obtained for the frequency ranges. The
P(N/A), an additional corriputation, is shown in the last column of the
individual frequency tables. For a graphical comparison between the
individual frequencies with respect to the P(A/N) and P(N/A) see Figure
4.

As mentioned previously, the optimum frequencies are those
with the highest P(A/N) and P(N/A). From Figures 3 and 4 the opti-
mum frequencies appear to lie in the range of 1000 - 3750 mc/s. In
particular, 1000, 2000, 2800, and 3750 mc/s appear to be the optimum
frequencies.

The results of the studies to maximize the P(A/N) and P(N/A)
on the optimum frequencies may be shown graphically in Figure 5.
These frequencies are considered with a signal duration greater than
25 minutes and a varied maximum flux density. With these signal
conditions on 3750 mc/s and the proton event size equal to or greater
than 107 protons/ cmz, the P(A/N) is 100% while the P(N/A) is 33%,

Tables 9 and 10 contain the results of the time studies. For
associated Solar RF signal SD, SRT, SDT, and DMRP for large proton
events see Table 9. The DSRP for proton events of size greater than
or equal to 107, 108, and 109 protons/cmz, respectively, may be found

in Table 10.
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For a graph of the delay times between the start of the RF
signal and start of the PCA event (DSRP), for the optimum frequencies,

with respect to proton event sizes equal to or greater than 107, 108

and 109 protons/cm2 , respectively see Figure 6. It should be noted
that as the proton event size increases, the maximum DSRP decreases
and the minimum increases. The shortest DSRP for large proton -
events and frequencies in the range from 200-9400 mc/s is 25 minutes.
This gives sufficient time to recognize an alarm on a solar RF burst.
The mean DSRP is 178 minutes with a maximum 6 minu
the standard deviations from the mean DSRP, for each of the frequencies
(Table 10), it can be seen that there is a strong tendency toward the
occurrence of the shorter DSRP.

The signal characteristics of duration and maximum flux density,
specified in this study for the indication of large proton events, can be
detected on the optimum frequencies prior to the start of the PCA event
in every case. To support this statement the following observations
have been made from Tables 9 and 10: |

1. The signal is of sufficient duration to give an alarm
in every case.

2. The signal maximum occurs early in the lifetime of
the burst.

3. The signal maximum occurs before the start of the
PCA event in every case,

4. The minimum delay times, between the start of the
RF signal and the start of the PCA event, are equal
to or greater than the duration necessary to give an
alarm in every case.

The consideration of mixed frequency combinations show that
the P(N/ A) can be increased while maintaining a 100% P(A/N). The
frequencies used are the previously determined optimum frequencies
of 1000, 2000, and 3750 mc/s. In Table 11 the pertinent information
for the calculation of the P(A/N) and P(N/A) is listed in addition to
the results. These results are for both restrictive and non-restrictive

approaches. With the signal characteristics specified, on each of the
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three frequencies, the P(A/N) is 100% while the P(N/A) is 57% for
large proton events. ' '

The P(N/A) can thus be increased, while maintaining a 100%
P(A/N), by consideration of more specific signal characteristics
and mixed frequency combinations. For a graph comparing the
reduction of the P(N/A) by different means, see Figure 7. By
consideration of additional methods, it has been found that the
P(N/A) cannot be appreciably increased beyond 57% without lower-
ing the 100% P(A/N). This leads to the conclusion that the false
alarms are a permanent phenomena and some additional means are
necessary to explain them.

Studies into possible proton event size determinations have
shown that the size of a proton event cannot be determined with
complete accuracy by using the associated solar RF bursts. (See
Table 12 for the basic results of these studies.) There is, however,

an indication of a relationship. This relationship is evident when

‘the RF signal integrated flux density with respect to time is com-

pared with the proton event size. The rank correlation coefficients
expressing this relationship, for each of the times considered, on
the frequencies of 1000, 2000, and 3750 mc/s are shown in Figures

8-10. It should be noted that the rank correlation coefficient is 0. 83

~ for the relationship between the proton event size and the area under

the associated signal after 20 minutes have elapsed after the arrival

of the burst on 2000 mc/s.



FREQUENCY RANGES
(RESTRICTIVE APPROACH)

TABLE 3

18

iT’?m:oﬂ Event Assoclated Solar Radio QOutbursts

Size (N) in Frequency Max. TIux Density

Protons/cm Range Duration Inst, or Smooth 1 P(A/N)

with E > 30 Mev Mc/s (min.) 10-22 vm=2 (C/S)" (%)
»107 <450 >10 >200 89%
108 <450 >10 >200 90%
109 €450 s10 >200 100%
>108 450-808 >10 >250 100%
3107 450-808 >10 >250 76%
107 450-808 >10 >150 83%
2107 810-1500 >10 >250 94%
>108 810-1500 »20 250 100%
107 8101500 >20 »350 81%
3108 810-1500 »20 >350 100%
2107 1420-2000 >10 >200 81%
>108 1420-2000 >10 >200 87%
>109 1420-2000 >10 >200 100%
3_10_; 2000-3000 >10 >250 100%
310 2000-3000 >20 >250 95%
3_108 2000-3000 >20 >250 100%
2107 2800-3750 >10 >150 100%
3107 2800-3750 >20 >350 90%
>108 2800-3750 >20 >350 91%
3109 2800-3750 >20 >350 100%
2107 >3750 >10 >250 88%
>108 >3750 >10 >250 86%
>109 >3750 >10 >250 100%

Frequency

Range (Mc/s) Included Frequencies

<450 231,209,207,203,201,200,178,169,167,108,81,80,23,18,

450-808 450,336,538 ,545,600,808

810-1500 810,1000,1420, 1500

1420-2000 1420,1500,2000

2000-3000 2000,2800,2980,3000

2800-3750 2800,2980,3000,3750

>3750 9100,9375 ,9400,9500




FREQUEKCY RANCES
(NON-RESTRICTIVE APPROACH)

TABLE 4

Troten pvent

Assoclated Solar Radio Duthursts

Size (N) in Frequency Yax, Flux Density

rotons/cn Range Duration Inst, or Smooth PA/N)

vith £ > 30 Mev Mc/s (min.) 10-22 vm-2 (c/5)"} ®
>107 <430 >10 >300 100%
>0/ <450 >25 >500 94%
bl <450 =28 ~500 1005
»107 450-808 >10 >150 53%
108 £50-808 >10 >150 100%
»107 510-1500 >20 >250 100%
3107 810-1500 >25 >600 80%
3108 810-1500 »25 ->600 100%
;107 1420-2000 »25 >150 100%
3107 1420~2000 >25 »750 72%
108 1420-2000 »25 >750 100%
2107 14202800 >25 >150 100%
3107 1420-2800 >25 >750 88%
>108 1420-2800 >25 >750 100%
>1og 2000-3000 »25 >750 85%
}_’107 2000-3000 >25 >750 100%
310 2000-3000 >10 250 100%
>107 2800-3750 >10 >150 1005,
2107 >3750 >28 >250 1008
2107 >3750 525 >1250 7%
5108 >3750 >25 >1250 100%

19
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INDIVIDUAL FREQUENCIES
(RESTRICTIVE APPROACH)

TABLE 5

" Proton Event

Associated Solar Radio Outburst

Size (N) in _ Max. Flux Density

Protons/cm Frequency Duration  Inst, or Smooth P(A/N) P(N/A)

with E > 30 Mev (Mc/s) {min. ) 10-22 ym-2 (¢/s5)"1 (%) (%)
>107 200 >10 >150 71% %
5108 200 >10 >150 75% 4%
>109 200 >10 >150 100% 3%
>107 545 >10 >150 75% 10%
3108 545 >10 >150 90% %
>109 545 >10 >150 100% 4%
>107 545 >25 >350 60% 19%
3108 545 >25 >350 90% 14%
>10° 545 >25 >350 100% 9%
>107 1000 >10 >150 100% 13%
>108 1000 >10 >150 100% %
3107 1000 >10 >150 100% 5%
107 1000 >25 >250 100% 25%
>108 1000 >25 >250 100% 10%
>109 1000 >25 >250 100% 10%
107 1000 >25 >800 83% 37%
>108 1000 >25 >800 100% 24%
>10° 1000 >25 >800 100% 17%
>10 1000 >25 >1600 100% 25%
>107 1420 >10 >150 31% 12%
5108 1420 >10 >150 40% 6%
>109 1420 >10 >150 100% 3%
>107 2000 >10 >150 100% 20%
S108 2000 510 >150 100% 11%
S102 2000 >10 >150 100% 6%
;1 07 2000 >25 >150 100% 32%
;1 08 2000 >25 >150 100% 17%
>109 2000 >3% >150 100% 10%
S107 2000 >25 >1000 85% 58%
5108 2000 >25 >1000 100% 37%
102 2000 >25 >1000 100% 21%
S107 2000 >25 >1300 77% 67%
>108 2000 >25 >1300 86% 40%
T109 2000 >25 >1300 100% 27%
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INDIVIDUAL FREQUENCIE

n

(RESTRICTIVE APPROACH)
TABLE 6

Proton Event

Size (N) in Max. Flux Density

Protons/cm2 Frequency Duration Inst. or Smooth P(A/N) P(N/A)

with E>30 Mev (Mc/s) (min.) 10-22 ym-2(Cc/8)-1 (%) (%)
>107 2800 >10 >150 100% 5%
S108 2800 >10 >150 100% 3%
S10° 2800 >10 >150 100% 29,
>107 2800 >25 >400 100% 18%
>108 2800 >25 >400 100% 9%
S10° 2800 >25 >400 100% 7%
>107 2800 >25 >800 62% 19%
>108 2800 >25 >800 100% 15%
109 2800 >25 >2500 100% 75%
>107 3750 >10 >150 100% 16%
>108 3750 >10 >150 100% %
>10° 3750 >10 "150 1007 5%
>107 3750 >25 >250 100% 33%
>108 3750 >25 >250 100% 15%
>1c2 3750 >25 >250 100% 10%
>107 3750 >25 >1500 7% 53%
>108 3750 >25 >1500 100% 329,
>10° 3750 >25 >1500 100% 21%
>107 9400 >10 >150 68% 3%
3108 9400 >10 >150 78% 29
>10° 9400 >10 >150 100% 1%




INDIVIDUAL FREQUENCIES
(NON-RESTRICTIVE APPROACH)

TABLE 7

Proton Event Associated Solar Radio Outburst

Size (N) in Max. Flux Density

Froions/cm2 Frequency Duration Inst. or Smooth AN DIN/A)

with E > 30 Mev (Me/s) (min,) 10722 wm-2(C/S)"1 (%) (%)
>107 200 >10 >150 83% %
S108 200 >10 >150 100% 4%
>108 200 >10 >150 100% 3%
>107 200 >20 >350 83% 10%
>108 200 >20 >350 100% 6%
S109 200 >20 >350 100% 4%
>107 545 >10 >150 94% 10%
S108 545 >10 >150 100% %
3109 545 >10 >150 100% 4%
S107 545 >25 5350 80% 19%
>108 545 >25 >350 100% 14%
>109 545 >25 >350 100% 9%
>107 1000 >10 >150 100% 13%
>108 1000 >10 >150 100% %
>109 1000 >10 >150 100% 5%
>107 1000 >25 >250 100% 25%
>108 1000 >25 >250 100% 10%
>109 1000 >25 >250 100% 10%
>107 1000 >25 >800 83% 37%
>108 1000 >25 >800 100% 249,
>109 1000 >25 >800 100% 17%
>109 1000 >25 >1600 100% 25%
>107 1420 >10 >150 100% 12%
S108 1420 >10 >150 100% 6%
109 1420 >10 >150 100% 3%
S107 1420 >25 >150 100% 25%
108 1420 >25 >150 100% 13%
3109 1420 >25 >150 100% 6%
>107 2000 >10 >150 100% 20%
S108 2000 >10 >150 100% 11%
>10° 2000 >10 >150 100% 6%
>107 2000 >25 >150 100% 32%
>108 2000 >25 >150 100% 17%
>109 2000 >25 >150 100% 10%




INDIVIDUAL FREQUENCIES
{NON-RESTRICTIVE APPROACH)

TABLE 8

Proton Event Associated Solar Radio Outbursts

Size (N) in Max. Flux Density )

Protons/em?2 Frequency Duration Inst. or Smooth P(A/N) P(N/A)

with E > 30 Mev (Mc/s) (min.) 10722 wm 2 (C/s)-1 (%) (%)
>107 2000 >25 >1000 85% 589,
S108 2000 >25 >1000 100% 37%
S10° 2000 >25 >1000 100% 21%
107 2000 >25 >1300 1% §7%
>108 2000 >25 >1300 - 86% 40%
310 2000 >25 >1300 100% 27%
>107 2800 >10 >150 100% 5%
3108 2800 >10 >150 100% 3%
109 2800 >10 >150 100% 29,
>107 2800 >25 >400 100% 19%
>108 2800 >25 >400 100% 9%
S10° 2800 >25 >400 100% 79%
>107 2800 >25 >800 62% 19%
108 2800 >25 >800 100% 15%,
>10° 2800 >25 >2500 100% 75%
>10° 3750 >10 >150 100% 16%
>108 3750 >10 >150 100% %
>109 3750 >10 >150 100% 5%
3107 3750 >25 >250 100% 33%
S108 3750 >25 >250 100% 15%
>109 3750 >25 >250 100% 10%
>107 3750 >25 >1500 77% 53%
>108 3750 >25 >1500 100% 329%
>109 3750 >25 >1500 100% 21%
>10° 9400 >10 >150 100% 3%
>108 9400 >10 >150 100% 2%
>10° 9400 >10 >150 100% 1%
S107 9400 >20 >150 100% 6%
5108 9400 >20 >150 100% 3%
>109 9400 >20 >150 100% 2%,
3107 9400 >25 >600 85% 19%
>108 9400 >25 >600 100% 12%
>10° 9400 >25 >600 100% 8%
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CHARACTERISTICS OF ASSOCIATED RF BI}RSTS FOR LARGE PROTON EVENTS

(PE SIZE 2 10° PT/OM

TABLE 9
—

STGNAL FREQUENCY _ STANDARD
CHARACTERISTIC MC/S MAXTMUM MINTMUM MEAN DEVIATION

: 200 600 5 145 151

'‘QTIGNAL 545 165 S 82 54

DURATION 1600 235 4 74 37

(minutes) 1420 131 17 82 48

2000 125 30 72 38

2800 340 30 120 107

3750 100 30 57 21

9400 172 30 70 44

200 35 1 21 15

1000 51 1 20 18

RISE TIME TO 1420 32 4 21 15

STGNAL MAX, 2000 49 2 21 17

FLUX DENSITY 2800 49 1 21 18

(minutes) 3750 36 1 13 1

9400 72 1 20 22

200 119 12 66 55

DECAY TIME 1000 230 13 70 59

ROM SIGNAL 1420 63 13 45 28

EAX. FLUX 2000 87 7 50 28

ENSITY 2800 315 23 99 97

(minutes) 3750 260 14 64 66

9400 144 21 53 36

ELAY TIME 200 558 59 187 245

ETWEEN THE 1000 589 18 151 197

AX, OF THE 1420 80 17 38 36

SIGNAL § 2000 580 18 152 182

TART OF THE 2800 819 24 234 287
CA EVENT 3750 415 19 144 162

{minutes) 9400 581 3 176 196

27



DELAY BETWEEN START OF THE RF SIGNAL AND START OF THE PCA EVENT

(MINUTES)
TABLE 10
“Proton rvent
Size Frequency Standard
(pt/cm<) Mc/s Max imom Minimum Mean Deviation|
>107 200 590 41 183 178
107 545 582 25 205 194
107 1000 590 29 164 187
S107 1420 210 44 97 78
107 2000 582 35 169 182
167 2800 826 60 255 279
107 3750 522 28 157 161
>107 9400 582 27 197 190
>108 200 280 55 132 79
T108 545 507 63 205 152
108 1000 209 29 128 77
108 1420 210 49 130 114
108 2000 209 35 130 75
108 2800 282 64 138 99
108 3750 210 28 114 76
108 9400 210 27 130 79
i
>xog 200 280 55 135 66
310 545 286 79 170 93
108 1000 209 163 186 33
3109 2000 209 165 187 31
107 2800 282 85 162 105
'>‘wg 3750 210 56 144 79
>10 9400 210 118 165 46
-]
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SOLAR RADIO OUTBURSTS AND PROTON EVENT SIZE

TABLE 12

ToelTicient of Rank Correlation

Between Proton Event Size and

! Signal the Associated Solar RF Signal
Frequency Characteristic Characteristic Specified
1000 Duration 0.66
1000 Maximum Flux Density (MFD) 0.47
1000 Rise Time to Sig. MFD 0.22
1000 Linear Rate of Rise to MFD 0.40
1000 Decay Time from MFD 0,17
1000 Start Delay Time 0,52
1000 Signal Max. Delay Time 0.31
2000 Duration 0.60
2000 Maximum Flux Density (MFD) 0.56
2000 Rise Time to Sig. MFD 0.28
2000 Linear Rate of Rise to MFD 0.40
2000 Decay Time from MFD 0.41
2000 Start Delay Time 0.09
2000 Signal Max. Delay Time 0,09
2800 Duration 0.69
2800 Maximum Flux Density (MFD) 0.58
2800 Rise Time to Sig. MFD 0,57
2800 Linear Rate of Rise to MFD 0.12
2800 Decay Time from MFD 0,73
2800 Start Delay Time 0.04
2800 Si;nal Max. Delay Time 0.00
3750 Duration 0.31
3750 Maximum Flux Density (MFD) 0.49
3750 Rise Time to Sig. MFD 0.17
3750 Linear Rate of Rise to MFD 0.54
3750 Decay Time from MFD 0,20
3750 Start Delay Time 0,03
3750 Signal Max. Delay Time 0,01
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CONCLUSIONS

The results that are presented in this report have certain
limitations. First of all, it is not completely certain that every
associated solar RF burst that has been chosen was the one that was
actually related to the proton emission. The small sample size on
which the analysis has been based imposes a statistical limitation.
Any possible large errors in the fables and data would be inherent
in the analysis. Also there is no absolute assurance that criteria
established for large proton events from solar cycle 19 will apply
to large proton events occurring in future solar cycles.

Different types of solar radio emission and present models
of interplanetary space will be discussed in order to give a more
thorough understanding of the relation between solar radio emission
and large solar cosmic ray increases. This discussion encompasses
the work of several writers and offers an explanation for some of the
findings of this study.

Radio emission from the sun has been classifiedzo_30 into
six different types. For a list of the types of solar radio emission
and their respective characteristics see Table 1. The only radio
emission believed to be of thermal origin is type I. 30 All of these
emissions appear to be associated in one way or another with solar
flares. 9 In some major flare disturbances all of the radio events
are present. Types IIIl and V are simultaneous with the sudden ex-
pansion of the flare. A few minutes later type II events may start.
Type II is followed by or merges into the start of the type IV bursts,
which continue for hours. In this study, primary concern has been
with the characteristics of types II and IV emission recorded on fixed
frequency records.

The generating mechanisms for each of the types of solar
radio emission, have been suggested by several observers. 20-27

J. P, Wild suggests the following sequence of the events:20
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"a flare is originated by an explosion near the photosphere;
this explosion causes a sudden increase in the emission of
H_light (the flare); ejects a stream of relativistic electrons
which escapes immediately into the outer layers of the
corona and beyond (III and V type bursts) and sets up a
shock-wave which carries with it further relativistic
electrons (II and IV type bursts). The physical nature
of this postulated explosion is an unsolved problem. Al-
most 1033 relativistic electrons are produced during a
flare; the particles follow a spiral path along the lines of
force, which are materialized by the coronal streamers
and excite the coronal plasma, causing type III bursts.
The same relativistic electrons radiate synchrotron ra-
diation causing type V bursts. In several cases the par-
ticles escape in the interplanetary space, but in other
cases they come back following the lines of force; so we
have the U bursts. The shock wave originated by the same
explosion moving in the coronal plasma at a velocity of
about 1000 km/s (about 10 times the sound velocity in
the corona) excited the plasma and causes type II bursts.
The magnetic field and relativistic electrons carried by
the shock-wave originate type IV bursts. "

For several years it has been maintained that certain solar .
flares are accompanied by the emission of energetic protons. 8,10, 20, 32-36
The fact that intense radio outbursts accompany these proton in-
creases, and are so closely correlated with them, suggests that
the same sources are responsible for the production of the radio
emission and the ejection of energetic protons from the sun. How-
ever, due to a lack of direct observational data existing at the pre-
sent time, a clear picture cannot be constructed. 37.

The results of the studies presented here show that there is
a delay between the start of the associated RF signal and the start
of the PCA event. Present models of the interplanetary space that
have received the most attention are those of Parker and Gold. The

2

various arguments 8 that have been presented for and against

these models will not be given here. Both models postulate storage
of the flare-produced particles in interplanetary space, but the details
of the storage mechanism are rather different. It may be of interest

to point out that both models, with their postulation of a storage
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mechanism, are supported by this delay between the solar radio
outbursts and PCA events.

9,39-42 a solar wind is assumed. This

In Parker's model
solar wind is described as a smooth steady flow of gas streaming
radially outward from the sun at all times. The solar wind is also
believed to stretch any field lines that emerge from the sun. A
shock wave from activity on the sun iAs believed to cause instabilities
in the solar wind and consequent disordering of its frozen-in mag-
netic fields. This forms a magnetic "barrier'" somewhere beyond
the earth's orbit. When a flare emits a burst of particles, they
rapidly fill the region between the sun and the barrier and then

slowly diffuse through the barrier. The long decay of the proton |

8
event (from 1 to 7 days) seen at the earth represents the slow loss

from the inner solar system.

9,20,31, 39 assumes that a disturbance on the

Gold's model
sun pushes out the solar field in a "tongue' as indicated in Figure 1.
The lines of force form closed loops which are :inchored at both ends
in the solar photosphere. The disturbance does not neces§arily re-
sult in the acceleration of particles. Such a field configuration can
form a "magnetic bottle' in which particles can be trapped for long
periods of time. In this model, the particles released by the flare
diffuse through the solar atmoéphere until they reach a magnetic
bottle which happens to extend out to the vicinity of the eérth at the
time. The bottle then gradually fills with particles. If the earth
enters this region, an increase in flux is observed at the earth.
The tongues are expected to become detached from the sun after a
few days and float away as self-contained magnetic clouds. These
plasma clouds lare believed to give rise to magnetic storms at the
earth.

These magnetic bottles postulated by Gold may serve to

explain the false alarms. A false alarm is defined as a case when

a characteristic solar radio emission signal is received, but no large



TABLE 13

SOLAR RADIO EMISSION

Associated Wavelength
[Type {Duration Polarization |Optical Features Spectrum Remarks
1 Hours or days {mainly L.arge sunspot l1toldm Noise storms
polarized TOUpS
I 1-10 minutes [Variable Solar flare cm, dm, m Slow-drift bursts
Seconds Variable Small solar cm, dm, m Fast-drift bursts
flare
U Seconds Variable Small flare cm, dm, m Special case of a
Type III burst
IV [Hours Circular Solar flare cm, dm, m Long continuum
bursts
v [Minutes Circular Solar flare cm, dm, m Short continuum
bursts
GOLD'S MODEL OF INTERPLANETARY SPACE
o
Figure 11

A schematic representation of a tongue of magnetic lines of force drawn out

from the sun.

The solid circle represents a possible position of the earth

within the storage region; the open circle represent® a possible position
outside the storage region.
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associated solar cosmic ray increase is observed at the earth. With
a false alarm, copious particle emission may well occur, but the
tongue into which the particles diffuse perhaps does not extend as
far out as the vicinity of the earth or in a direction away from the
earth. When the tongue becomes detached it possibly floats away
in such a direction so as not to come in contact with the earth.

Solar cosmic ray increases can be detected indirectly through
their effects on the absorption of VHF cosmic noise in the ionospheric
D-layer gver the polar caps. This is called polar cap absorption (PCA)
and is measured by an instrument called a riometer. 1,8-12,20,31, 43
During a solar particle event the earth is bombarded by energetically
charged particles. Due to the earth's magnetic field these particles
can enter only at high latitudes. By particle interaction the electron
density in the upper atmosphere is increased. This increased electron
density causes absorption of the galactic radio noise and consequent
decrease in the signal measured by the riometer at the ground. The
particles primarily responsible for this absorption are protons in the

8,12, 43 Particles which are more

20-200 Mev kinetic energy range.
energetic than 200 Mev ionize so lightly, while passing through the
D-layer of the atmosphere, that they are not as effective for the ab-
sorption of cosmic radio noise,.

The bulk of the solar flare particles occur in the kinetic '

8
9, 12 Since the riometer is mainly

energy range of 20-200 Mev.

sensitive to protons in this energy range, the start of the PCA events

may be taken as the arrival time for the proton hazard to space flight.
Large solar cosmic ray increases are a danger to space

8-12,42-50 The total radiation dose from one of these events

flight.
difinitely presents a hazard to future space travelers. The radiation
effects on materials, electronic components, and other instruments
used in space missions also present a problem. Consequently, a

solution to this problem must be found before further penetration of
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space is attempted.

One of the areas where a possible solution to the space radia-
tion problem may be found is the field of warning. A 'warning'' is the
indication of a large solar proton event, which has already occurred,
before the arrival of the corpuscular radiation. In the case of an
interplanetary mission, once a warning is given that a stream of par-
ticles from a solar radiation event is headed toward the space craft,
various precautionary measures may be taken. To protect the space
travelers and sensitive instruments, spot shielding, near body shield-
ing, shadow shielding, artificially generated magnetic fields around
the space craft, and a variety of other techniques can be used. 11,12,45-48

There are many indications that a warning of solar proton events
may be provided by means of a scientific system which uses selective
criteria on the characteristics of associated phenomena to these events.
The results presented in this report can serve as the basic criteria for an
electronic system that may provide such a warning., Specific signal char-
acteristics of solar RF emission which are indicative of large proton
events, can be built into an electronic proton warning system. Since
the RF signal characteristics specified in this study precede the start
of the PCA event in every case, then such a warning system would give
an alarm before the arrival of the actual proton hazard. A system of
this type would not be overly complex and can possibly be operated in
the future both from the ground and on a manned space craft.

This study, of the relationship between solar radio emission
and large solar proton events has indicated the following:

1. There is a good correlation between specific signal

characteristics of solar RF emission outbursts and
large solar proton events.

2. A P(A/N) of 100% can be obtained with the signal char-

acteristics of duration and maximum flux density.

3. The frequencies in the range 1000-3750 mc/s, with

the frequencies 1000, 2000, 2800, and 3750 mc/s in
particular, are perhaps the most reliable for the

indication of large proton events.
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11.

12,

13.

42
The false alarms can be reduced in number, and thus,
the P(N/A) increased, by consideration of additional
solar RF emission signal characteristics.
The optimum situation, with respect to the P(A/N) and
P(N/A) is obtained wﬁen signal characteristics are
specified on a combination of fixed frequencies rather
than on only one frequency.
To retain a maximum P(A/N), the P(N/A) cannot be appre-
ciably increased beyond 57%.
The false alarms are a permanent phenomena.
For large proton events the minimum delay time be-
tween the start of the associated RF signal and the
start of the PCA event is 25 minutes, the maximum is
826 minutes, and the mean is 178 minutes. There is a
tendency toward the occurence of the shorter delay time.
The signal characteristics (optimum frequencies) speci-
fied for the indication of large proton events can be detected
prior to the start of the PCA event in every case.
When the area under the associated RF signal for specific
times is compared with the proton event size, there is an
indication of a relationship.
Both Parker's and Gold's model of the interplanetary
fields offer an explanation for some of the basic findings
of the analysis,
The results of the analysis can serve as the basic criteria
for an electronic system that may provide a warning for
large proton events.
An RF proton event warning system would not be overly
complex and could be operated both from the ground and

on a manned space craft,



14. Analysis of the relationship between other associated
phenomena (solar flares, solar ultraviolet and x-rays,
solar magnetic fields, and interplanetary fields) and
large proton events may result in additional criteria
for a warning system.

15. An RF system would probably be the most efficiént (in
terms of reliability, versatility, economy, and atmos-

pheric effects) for proton event warning.
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SOLAR RADIO EMISSION OUTBURSTS ASSOCIATED WITH LARGE PROTON EVENTS

APPENDIX 1

Start  Time Wax. Flux Dens. Proton
Time of Max nst, 00 Event Size|

o. Date Sta.  Freq. U.T. U.T. pura. 10-22 wm~2 (c/s)=! E > 30 Mev,
1. 2-23-56 Tok 3000 0333 50.0 >4700 >4410 1.6 x 109

Nag 3750 0334 15.5

Tok 200 0335 25.0 >2000 >5000 8
2. 1-20-57 Cav 81 1056 Ix 10

Pra 536 1057 93,0 >280 90

Ned 2080 1100 24.¢C 184 i38
3. 7=3<57 Pra 536 0714 156.5 >282 >120 1 x 107

Uce 600 0722 38.0 113 33

Nag 1000 0723 0809.7 60.0 7570

Gor 9375 0725 35.0 600

Nag 2000 0726 0809.5 50,0 1690

Ned 2980 0726.5 31.0 585 152

Nag 3750 0727 0742 45,0 337

Hhi 9400 0729 0841 121,.0 2380

Jod 80 0730 0745  »15,0 54 >28

Nag 9400 0730 0742 45.0 196

Gor 3000 0733 30.0 285

Tok 9500  0733x 0742 710 231

Aop 231 0750 0810 40.0 700 550

Ned 200 0802.5 1.5 300 120

Ned 545 0805 14,5 850 300
4, 8-31.57 Tok 200 0540x 0615x 60,0 830 290 1x 107

Tok 3000 0545,5x 0549x »3.5 569 221

Tok 9500 0546.7x 0548,3 >0,6 696 241

Nag 2000  0548x 0549 80,0 164

Nag 3750  0548x 0548 60.0 261

Nag 1000 0548 0549  100.0 285

Nag 9400 0548 0548 22.0 195

Uce 169 0548 4.0 :>350

Tok 200 0548 0549,5 4.0 1600 270

Ned 545 0548 102.0 >4000 2000

Syd 1420 0548 0549 2.0 214 156

Ned 2980 0548 12,0 426 44

Syd 600 0549 0550 2.0 104 30

Syd 600 0557 0654 93.0 455 196
5. 8-31-57 Jod 80 1300 1305 10.0 132 44

Jod 200 1300 1310 15.0 >200 >118

Nbs 450 <1300 1338 180.0  >14000 >8500

ott 2800 1301 13155 65.0 3900

Hhi 9400 1302 170.0 >900

Ucc 169 1303 12,0 >300

Ned 200 1303 13.0 >1200 400

Aop 231 1303 1307 15.0 >1400 1250

Uce 169 1315 2.0 >300
6. 10-20-57 Nbs 167 1600,6 1601 0.5 2000 1x 107

ottt 2800 1644 1651 51,0 4000

Nbs 167 1646 1700 89.0 >3700 650

Nbs 450 1647 1656 43,0  >14000 >7000
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Start Time Max,. Flux Dens. Proton
Time of Max nst. 00 Event Size
o, Date Sta, Freq, U.T. U,T. Dura, 10-22 wm-2 (c/s)~! E > 30 Mev
7. 3-23-58 Ned 2980 0953 110,0 >1340 536 4 x 108
Aba 209 0957 1003 12.0 182
Aba 209 0957 1003 123.0
Aop 231 0957.3 0958.4 1.2 800 200
Jod 3000 0958 1002 10.0 »1190 >655
Sim 208 1000 1005 15,0 430 250
Ucc 600 1001 17.0 1000
Cra 810 1001 1012 111.0 650 80
Irs 1690 1002 14 .4 >90 >77
Osl 200 1002 1006 8.5 1000 400
MOS 208 1002 1006 98.0 1890 1020
Aop 23 1003 1003.2 1.0
Uce 169 1003 239.0
Cav 178 1003 8.5 >65
Jod 200 1003 1007 7.0 >240 »216
Ned 545 1003 100,0 >360 120
Jod 80 1005 1008 15.0 >140 >140
Cav 178 1010 180.0 >65 35
Gor 207 1012 1025 110.0 130 34
Kis 178 1014 1034 58.0 140
Cav 81 1020 90.0 >45 3
Uce 169 1022 45.0 >100
8. 7-7-58 Nag 1000 0026.5 0028 - 5,0 1370 1000 5x 108
ott 2800 0026.5 0027.5 >8.5 875
Tok 9500 0026,.7 0028x 12,0 1303 877
Tok 200 0026,9 0027.1 3.0 4000 1600
Hir 200 0027 0028 120.0 1620 400
Hol 545 0027 120.0 350 140
Nag 2000 0027x 0028 10.0 550
Nag 3750 0027 0028 10.0 990
Syd 600 0028 0028 1.0 145 85
Tok 200 0033 0035.5 3.0 300 250
Syd 600 0040 0043 92.0 129
Nag 2000 0040 0041.2 4.0 40
Nag 1000 0041 0042 3.0 140
Syd 1420 0041 0113 91.0 827
Tok 3000 0050,2 0111.3 100,0 3770 3432
Nag 2000 0055 0111.5 38.0 1300
Tok 9500 0055 0111.8 70.0 1910 1430
Tok 200 0100 0153x 90.0 900 730
Nag 1000 0101 0112 60.0 800
Nag 3750 0102.5x 0111.4 30.0 1700
Nag 9400 0103.5x 0111.4 30.0 920
. Tok 200 0235.7 0.3 4000 4000
9. 8-16-58 Ucc 600 0430 93.0 180 - 02X 107
Nag 2000 0434 0440 60.0 2900
Tok 3000 0434 0440 70.0 5030 4794
Nag 3750 0434 0439 60,0 5800
Tok 9500 0434 0440 70.0 7340 6920




Start  Time ‘Max. Tlux Dens. Proton
Time of Max Inst. Sllu:mth1 Event Size
o, Date Sta, Freq. U.T, u,T, Dura.  10-22 wva=2 (c/s)" E > 30 Mev
Nag 1000 0435 0442 85.0 4800
Syd 1420 0436 0440 17.0 1089 416
Hol 200 0438 57.0 >200 >150
Uce 169 0439 5.0 3500
Tok 200 0440x 0440,5 3.0 18000 18000
Syd 600 0440 0530 80,0 224 89
Tok 200 0443 0501 3050 2300 1900
Uce 169 0444 36.0 2650 960
Syd 1420 0453 0515 59.0 659 366
Pra 536 0537 0547.5 26.0 180 120
Syd 1328 0537 0537 3.0 5435 350
Ucc 169 0614 4.0 75 35
10, 8-22-58 Hhi 9400 1423 1451 172.0 718 5x 107
Hhi 1500 1427 1509 128.0 443
ott 2800 1430 1506 120.0 1500
Ucc 169 1432 208.0 540
Ucc 600 1432 73.0 306 130
Acp 231 1436 1503 214.0 1800 700
Ned 545 1437 86.0 190 30
Corxr 201 1438.5 0.5 180 120
Ned 200 1440 135.0 1400 300
Nbs 167 1444 1508 121.0 2000 730
11. 8-26-58 Nag 2000 0005 0042 57.0 2100 5.3 x 107
Nag 3750 0005 0041 50,0 5050
Nbs 167 0016x 0127 69.0 >2400
Syd 1420 0016 0042 89,0 288 91
Syd 600 0017 0102 89.0 85 48
Nag 1000 0017 0022 59.0 1900 1600
Tok 9500 0018 0026 60,0 5920 5475
Hol 200 0019 120.0 85000 26000
12, 5-10-59 ott 2800 2100 2149 >160.0 2500 1.2 x 109
Hol 545 2104,5 4.5 >330 120
Nbs 167 2107.6 2107.6 0.2 >100
Nbs 167 2111.8 2112 0,2 >100
Hir 200 2114.2 2115,1 1.3 910 230 -
Nbs 167 2115 »275.,0 >1000
Nbs 167 2115 2122 6.9 >1000
Hol 545 2116 150.0 450 300
Tok 9500 <2117 2149 >60,0 2900 2400
Hir 200 2120 2148 135,0 390 200
Nbs 167 2122 2141 >18,0 >1000
Hir 200 2122.7 2123 1.0 1050 150
Nag 1000 <2200 2222 »>100,0 1550
Nag 2000 <2200 2213 >100,0 1300
Nag 9400 <2200 2203 >100,0 1650
13, 7-10-59 Haw 200 0200 0200.1 2,0 8 x 108
Hol 545 0208 32.0 1000 300
Nag 1000 0209 0223 100,.0 6000 4750
Nag 3750 <0209 0224 >38.0 6300
Nag 9400 <0209 0224 >36,0 26500
Nag 2000 <0211 0224 >90,0 3000




Start Time Max. Flux Dens. Proton
Time of Max Inst. Smooth Event Size
No. Date Sta. Freq. U.T. U.T. Dura. 10-22wvm~2(c/s)-! E>30 Mev
Irk 209 0209 0221 56.0 >1400 30
Nbs 167 0210 0210 5.0 >1000
Syd 600 0244 >60.0 >252
Itk 209 0318 0345 100.0 44 28 9
14. 7-14-59 Syd 1420 0330 131.0 >114 2x10
Nag 3750 0330 0356 100.0 6000
Nag Q400 0330 0349 65.0 6300
Nag 1000 0331 0422 125.0 20600 4900
Nag 2000 0331 0420 125.0 8450
Hol 200 0337 600.0 10000 300
Hol 545 0337 125.0 40000 4000
Tor 127 <0600 0900 >540.0 100 80
15. 7-16-59 Hol 545 2114 165.0 5500 1000 3x109
ott 2800 2118 2154 >180.90 6500
Hol 200 2120 250.0 1100 150
Nbs 167 2121 2121.6 2.0 »>1000
Nbs 167 2123 2124 >287.0 >1000
Nag 2000 <2201 2210 >65.0 2350
Nag 3750 <2201 2201 >60.0 1500
Nag 1000 <2204 2226 >65.0 6500
Nag 9400 <2207 2207 >45.0 640
Peak Mean
16. 4-28-60 Tok 9500 0124.5 0130 15.0 573 208 2.5x107
Nag 3750 0116 0129.5 40.0 260
Nag 2000 0115 0129.7 30.0 285
Nag 1000 0117 0139.2 25.0 265
Hol 545 0135 . 5.0 170 50 4x107
17. 9-3-60 Nag 9400 0039 0108 75.0 1.47x104%
Nag 3750 0039 0104.6 85.0 1.2x104
Nag 2000 0035 0105.2 90.0 7100
Nag 100¢ 0035 01065.6 0.0 770
Tok 9500 0103.7 0108 33.0 7000
Tok 3000 0059 50.0 5600
Hol 545 0103.5 17.0 >180 >180
Hir 200 0103 33.0 1000 >1000
18. 11-12-60 Ned 9100 1322 1332 100.0 >7500 3750 2.7x109
ott 2800 1320 1345.5 340.0 5500
Hhi 1500 1323 1328.7 >90.0 770
Pra 808 1325 1341 80.0 >240
Ned 545 1326.5 100.0 >5000 1000
Ned 200 1327.5 270.0 >2000 300 9
19. 11-15-60 Nag 9400 0218 0228.4 85.0 24000 2x10
Nag 3750 0219 0222 80.0 11600
Nag 2000 0220 0222.6 75.0 4950
Nag 1000 0220 0227.1 235.0 8600
Hol 545 0221.5 160.0 800 60
Hol 300 0221 238.0 >2700 160



Start Time Max. Flux Dens. Proton
Time of Max Peak Mean Event Size
No. Date Sta. Freg. U.T. U.T. Dura. 10-224m~2{c/s)}-1 E>30 Mev
20. 11-20-60 Ottt 2800 2023 2026.5 >47.0 400 6x107
Par 545 2025 50.0 90 40
Par 200 2028 5.0 2290 100
Nbs 108 2027.5 2033 7.0 >300
Nbs 108 2038 2039,9 15.0 300
Nbs 18 2042 2.0 .
21. 7-12-61 Ned 9100 1018 1029 87.0 6000 1500 107
Ned 2980 1018 87.0 4100 1100
ott 2800 1145 225.0 45 13
Hhi 1500 1010 1042.5 240.0 1700
Ucc 600 1019 100.0 950 250
Ned 200 1022 80.0 22000 2000
Aop 111 1024.2 1030 96.0 4000 350
Aop 23 1023.8 1031.4 28.5 3000 300
22, 7-18-61 Ned 9100 0939 70.0 >>2400 2.5x108
Ned 2980 0938 65.0 2400 800
Hhi 1500 0938.5 0958 231.5 1180
Pra 808 0943 77.0 300
Ned 545 0944 50.0 650 200
Ned 200 0944 60.0 1000 200
Aop 111 0944 0956.7 226.0 4000 150
Aop 23 0946.2 0951.5 44.0 3000 300
23, 9-28-61 Nag 9400 2213 2217.3 40.0 1600 107
Nag 3750 2212 2217.3 40.0 1690
Nag 2000 2211 2220.2 40.0 1000
Nag 1000 2208 45.0 >>75
Hol 545 2214 36.0 1600 300
Hol 200 2213 9.0 >900 150
Nbs 108 2213 2217 9.0 >300
Nbs 108 2222 2347 102.0 >300
Nbs 18 2214 54.0
ott 2800 2211 2318 >30.0 800
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APPENDIX II

MIXED FREQUENCY SOLAR RADIO EMISSION OUTBURSTS
ASSOCIATED WITH LARGE PROTON EVENTS

Start Time Max;,F1u§ Dens.1 Proton
Time of Max 167 %%wimn~ *{c¢/s)" " CEveint Size
No. Date Sta. Freq. U.T. U.T. Dura. Inst. Smooth E>30 Mev
1. 7-3-57 Nag 1000 0723 0809.7 60 7570 107
Nag 2000 0726 0809.5 50 1690
Nag 3750 0727 0742- 45 337 7
2. 8-31-57 Nag 1000 05438 0549 100 285 10
Nag 2000 0548 0549 80 164
Nag 3750 0548 0548 60 261
3. 7-7-58 Nag 1000 0101 0112 60 800 5x108
Nag 2000 0027 0028 10 550
Nag 2000 - 0055 0111.5 38 1300
Nag 3750 0102.5 0111.4 30 1700
Nag 3750 0027 0028 10 990 ]
4, 8-16-58 Nag 1000 0435 0442 85 4800  2x107
Nag 2000 0434 0440 60 2900
Nag 3750 0434 0439 60 5800
S. 8-26-58 Nag 1000 0017 0022 59 1900 1600 5.3x107
Nag 2000 0005 0042 57 2100
Nag 3750 0005 0041 50 5050
6. 5-10-59 Nag 1000 <2200 2222 >100 1550 1.2x10%
Nag 2000 <2200 2213 >100 1300
Nag 3750 <2200 2203 >100 1650
7. 7-10-59 Nag 1000 0209 0223 100 6000 4750 8x108
Nag 2000 <0211 0224 >90 3000
Nag 3750 0209 0224 >38 6300
8. 7-14-59 Nag 1000 0331 0422 125 20600 4900 2x109
Nag 2000 0331 0420 125 8450
Nag 3750 0330 0356 100 6000
9. 7-16-59 Nag 1000 <2204 2226 >65 6500 3x10°
Nag 2000 <2201 2210 >65 2350
Nag 3750 <2201 2201 >60 1500
Peak Mean
10. 4-28-60 Nag 1000 0117 0139.2 25 265 2.5x107
Nag 2000 0115 0129.7 30 285
Nag 3750 0116 0129.5 40 260
11, 9-3-60 Nag 1000 0035 0105.6 90 3770 4x107
Nag 2000 0035 0105.2 90 7100
Nag 3750 0039 0104.6 85 1.2x104
12. 11-15-60 Nag 1000 0222 0227.1 235 8600 2x109
Nag 2000 0220 0222.6 75 4950
Nag 3750 0219 0222 80 11600
13. 9-28-61 Nag 1000 2208 45 >>75 107
Nag 2000 2211 2220.2 40 1000
Nag 3750 2212 2217.2 40 1690



APPENDIX IIIX

MIXED FREQUENCY SOLAR RADIO EMISSION
OUTBURSTS ASSOCIATED WITH SMALL EVENIS

Start Time Max. Flux Dens. Proton
Time of Max 10-22ym™2(c/s)"1 Event Size

No. Date Sta. Freq. U.T. U.T. Dura. Inst. Smooth E>30 Mev
1. 6-6-58 Nag 1000 0433 0446.1 40 263 10°

Nag 2000 0433 0447.2 26 420

Nag 3750 0433 0450.2 28 360

Peak Mean

2. 3-29-60 Nag 1000 0656 0812.8 120 2.47x125 3.6x105

Nag 2000 0655 0733.4 120 4.9x10

Nag 3750 0655 0733.5 52 8250 6
3. 4-5-60 Nag 1000 0136 0302.8 135 18000 1.1x10

Nag 2000 0140 0206.1 125 1230

Nag 3750 0140 0202.3 90 6000 4
4. 4-29-60 Nag 1000 0139 0207.3 82 3.03x10 7x106

Nag 1000 0348 0442.2 75 340

Nag 1000 0525 0536 23 3350

Nag 2000 0232.5 0247.7 30 185

Nag 2000 0356 0427.4 50 370

Nag 2000 0525 0538.1 23 990

Nag 3750 0356 0359.7 55 365
5. 5-13-60 Nag 1000 0517.5 0556.8 122 2200 4x109

Nag 2000 0417 0557.8 122 1440

Nag 3750 0517 0532 105 3750

*Bailey (E>20 Mev)
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APPENDIX IV

MIXCD FREQUENCY SOLAR RADIO EMISSION
OUTBURSTS ASSOCIATED WITH NO PROTON EVENTS
Start Time Max. FIux Dens. Proton
Time of Max 10-22ym-2(c¢/s)-! Event Size
No. Date Sta. Fregq. U.T. U.T. Dura Inst. Smooth E>30 Mev
1. 9-11-57 Nag 1000 0235 0320 70 8200
Nag 2000 0243 0304 70 564
Nag 3750 0243 0304 90 373
2. 10-21-58 Nag 1000 2321 2356 55 530
Nag 2000 2323 2355 55 520
Nag 3750 2323 2327 55 1150
3. 12-23-58 Nag 1000 0534 0544 70 158
Nag 2000 0534 0605 65 370
Nag 3750 0534 0605 50 1020
4. 2-12-59 Nag 1000 2304 2333 40 325
Nag 2000 2250 2314 55 335
Nag 3750 2250 2313 70 440
Peak Mean
5. 8-11-60 Nag 1000 0223 0253.3 35 175
Nag 2000 0223 0253 35 375
Nag 3750 0222 0252.9 35 610
6. 10-11-60 Nag 1000 0519.5 0524.7 40 310
Nag 2000 0523 0527.6 26 630
Nag 3750 0520 0532.8 40 1580
7. 17-14-60 Nag 1000 0259 0336.1 140 1400
Nag 2000 0258 0443.7 140 1800
Nag 3750 0258 0354.6 140 4300




